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Abstract
Recurrent convection regimes are identified during the extended West African Monsoon (WAM) season (May–Nov) using 
a k − means clustering of 1980–2013 NOAA daily Outgoing Longwave Radiation (OLR), and are well reproduced in 
1996–2015 ECMWF week-1 reforecasts despite systematic biases. One regime of broad drying across the Sahel in the early 
(May–Jun) and late (Oct) WAM is of particular interest regarding the prediction of onset date. This regime is associated with 
an anticyclonic cell along the Atlantic coast of West Africa leading to a weakened monsoon flow and subsiding anomalies 
across the Sahel. Teleconnections of this regime with the Indian monsoon sector are identified through modulations of the 
Walker circulation alongside relationships to MJO phase 3 more than 10 days in advance, when convection is enhanced over 
the Indian Ocean. Other regimes are associated with westward propagating anomalous convective cells along two distinct 
wave trains at 15◦N and 24◦N during the core (Jul–Sep) and late (Oct–Nov) WAM, respectively, and translate into wet anoma-
lies transiting across the Sahel. A regime of broad Sahel wetting in the core WAM, more frequent since the 1990s, is related 
to global SST warming, agreeing with the observed recovery of Sahel rainfall. ECMWF skill in forecasting regime sequences 
decreases from week-1 to -4 leads, except in the case of the above-mentioned regime associated with early season dry spells, 
translating into the potential for skillful WAM onset date predictions. Our analysis suggests that sources of predictability 
include relationships to the MJO and the Indian monsoon sector, which need to be further examined to benefit subseasonal 
forecasting efforts in West Africa, and ultimately agricultural planning and food security across the Sahel.
1 Introduction
Most of West Africa relies on rainfed agriculture and local 
societies are thus most vulnerable to climatic variations 
including intra-seasonal characteristics of the rainy sea-
son. Subseasonal-to-seasonal (S2S) forecasting (lead time 
between 2 weeks and 2 months) is a new area of climate 
prediction that occupies the range between medium range 
weather forecasts (up to 2 weeks) and seasonal climate 
prediction (from 3 to 6 months) and is currently the focus 
of intense research efforts, amongst which the joint World 
Weather Research Program (WWRP)—World Climate 
Research Program (WCRP) S2S prediction project (World 
Meteorological Organization 2013). The recently published 
S2S database (Vitart et al. 2017), consisting of submonthly 
forecasts from multiple ensemble prediction systems, offers 
an unprecedented opportunity to further examine the skill 
of extended range forecasts (i.e., 10–30 days time range) in 
predicting climate variability on intra-seasonal time-scales. 
In particular, the objectives of the S2S Monsoon and Africa 
sub-projects (World Meteorological Organization 2013) 
both include the assessment of forecasts performance for 
monsoon onset dates with the aim to ultimately develop and 
operationalize in real-time, intra-seasonal forecast products 
relevant to agriculture, water resources and public health. 
West African rainfall largely results from the land-sea tem-
perature contrast leading to a southwesterly monsoonal flow 
that feeds moisture from the Atlantic into deep convection 
processes within the seasonal rainbelt. After pre-onset and 
onset phases in April and June respectively, when the rain-
belt over the Guinea Gulf suddenly extends northwards, the 
West African summer rainy season starts with an abrupt shift 
of the rainfall maximum from 5◦N to 10◦ N at the end of 
June and prevails during July–September (Sultan and Jani-
cot 2000, 2003; Le Barbé et al. 2003; Ramel et al. 2006). 
Given the complexity of dynamical features of subseasonal 
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variability, most notably mesoscale convective systems 
(MCS), African Easterly Waves (AEWs), and the African 
Easterly Jet (AEJ), a weather typing approach is developed 
to identify recurrent daily convection regimes and their 
potential predictability from submonthly forecasts, subse-
quently illustrated for onset date prediction.
The West African Monsoon (WAM) activity is sensitive 
to both local forcing and remote influences, which modulate 
dry and wet spell occurrences at interannual (Lebel et al. 
2003) and intra-seasonal (Sultan et al. 2003) time-scales. At 
interannual time-scales, West African rainfall is influenced 
by large-scale teleconnections with SSTs in the Pacific, 
Atlantic and Indian Ocean (Rowell 2013). For instance, 
relationships to El Niño-Southern Oscillation (ENSO) have 
been marked by contrasting periods of strong and weak cor-
relation (Janicot et al. 2001). However, when removing the 
long term variability, ENSO impact is clearly seen over the 
region (Giannini et al. 2003), with El Niño episodes clearly 
associated with significant drying after the 1970s. In addi-
tion, the Gulf of Guinea modulates the WAM circulation 
through moist static energy content at lower tropospheric 
levels (Eltahir and Gong 1996; Joly and Voldoire 2009) 
and WAM precipitation tends to be reduced during Atlantic 
Niños or positive phases of the Atlantic Equatorial Mode 
(Losada et al. 2010).
Precipitation and convection within the WAM exhibit 
primary modulations at 10–25 and 25–60 days (Sultan et al. 
2003) and three main modes of convection variability are 
identified at these frequency bands. The first 10–25 day 
mode, dubbed the “Quasi-Biweekly Zonal Dipole” or QBZD 
(Mounier et al. 2008), is characterized by eastward propa-
gating convection anomalies between the Gulf of Guinea 
coast/Central Africa and the western tropical Atlantic. This 
mode is primarily controlled by equatorial disturbances 
transiting eastwards. Another 10–25 day mode, the “Sahel 
mode” (Sultan et al. 2003; Janicot et al. 2010), is related to 
a westward-propagating anomalous circulation in the mid-
troposphere, which is maintained by land-atmosphere and 
radiation-atmosphere interactions (Taylor 2008; Taylor et al. 
2011), internal atmospheric dynamics (Lavender and Mat-
thews 2009) and coupled equatorial Rossby waves (Janicot 
et al. 2010). Lastly, a mode related to the Madden–Julian 
Oscillation (MJO) and prevailing in the 25–90 days band, 
the “African MJO” mode (Matthews 2004; Janicot et al. 
2009), is characterized by westward-propagating convec-
tion anomalies linked to MJO activity over the Indian–West 
Pacific sector predominantly through dry Rossby waves and 
their interactions with equatorial dry Kelvin waves over 
Africa (Matthews 2004). The latter are generated by nega-
tive MJO-induced sea surface temperature (SST) anomalies 
within the equatorial warm pool region (Lavender and Mat-
thews 2009) and meet about 20 days later over Africa, where 
they enhance monsoon convection. Interestingly, the three 
convective modes cited above have higher predictability 
individually (Sultan et al. 2009), as part of teleconnections 
with the Indian monsoon and extra-tropics (Vizy and Cook 
2009; Chauvin et al. 2010).
At synoptic time-scales, a sub-population of MCS, the 
organized convective systems representing only 12% of the 
total number of MCS, is the major source of rainfall over the 
Sahel (Mathon et al. 2002). The decrease in the number of 
these rain producing convective systems is the main cause 
for rainfall deficit during dry spells (Le Barbé et al. 2003; 
Lebel et al. 2003). However, associated mechanisms are 
not yet fully understood, neither has the capacity of atmos-
pheric predictors from GCM forecasts been examined for the 
10–30 days range in regards to monsoon onset (Fontaine and 
Louvet 2006). Vigaud et al. (2017) recently found skill in 
week 3–4 precipitation tercile outlooks from a multi-model 
ensemble of S2S forecasts over the WAM with potentially 
higher skill for the onset phases, as also evidenced by Bom-
bardi et al. (2017). In this perspective, the goal of this study 
is to diagnose subseasonal convection variability and pre-
dictability over West Africa by clustering daily Outgoing 
Longwave Radiation (OLR) from observations and refore-
casts from the European Centre for Medium-Range Weather 
Forecasts (ECMWF) in May–November. The article is out-
lined as follows. Data and methods are presented in Sect. 2. 
Results from the cluster analysis are discussed in Sect. 3 
in relationship to rainfall, the atmospheric circulation, the 
MJO and large-scale SSTs. Regime predictability is exam-
ined from ECMWF week-1 to week-4 reforecasts in Sect. 4 
before presenting an application for WAM onset prediction. 
Conclusions are synthesized in Sect. 5.
2  Data and methods
2.1  Observation and dynamical model predictions
Tropical convection is examined over West Africa between 
20◦ E and 20◦ W from May to November using 2.5◦ ×2.5◦ 
gridded daily OLR produced by the National Oceanic and 
Atmospheric Administration (NOAA) available from 1980 
to present (Liebmann and Smith 1996). While the coarse 
spatial resolution of OLR does not capture individual meso-
scale convective systems, it is their synoptic scale organiza-
tion that is of interest in this paper.
Gridded daily rainfall estimates from the Climate Hazards 
group InfraRed Precipitation with Station dataset (CHIRPS) 
developed at the University of California at Santa Barbara 
Climate Hazards Group (CHG) in collaboration with the 
U.S. Geological Survey Earth Resources Observation and 
Science (EROS) center (Funk et al. 2014) are here utilized. 
These data are at 0.05◦ latitude-longitude resolution. Also 
including satellite information, CHIRPS data is one of the 
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few available datasets covering the whole continental region 
at daily time-scales that has data back to the 1980s, and 
which has been validated in recent studies including for the 
tropics (Funk et al. 2015). NOAA OLR comes from polar 
orbiting satellites, while CHIRPS rainfall estimates contain 
remote sensing information from geostationary satellites. 
Thus, the two products may be considered as independent 
(Vigaud et al. 2016). Since CHIRPS covers land areas only, 
the Tropical Rainfall Measuring Mission (TRMM) 3B42 v7 
daily satellite estimates at a quarter degree spatial resolution 
(Huffman et al. 2010) are also considered for the 1998–2013 
period, to relate anomalies over land with anomalous large-
scale patterns. The Global Precipitation Climatology Pro-
ject (GPCP) version 1.2 (Huffman et al. 2001; Huffman 
and Bolvin 2012) daily precipitation estimates on a 1 ◦ grid 
from 1998 to 2013, are used alongside those from CHIRPS 
and TRMM to compute the WAM onset index (WAMOI) as 
the zonally averaged difference over [ 10◦W-10◦ E] between 
precipitation averaged over [7.5–20◦ N] and [0–7.5◦N ] (Fon-
taine and Louvet 2006) standardized after 15-day smooth-
ing, the onset corresponding to the first day of a 20-day (or 
longer) period with positive WAMOIs. Tropical Applica-
tion of Meteorology Using Satellite Data and Ground-Based 
Observations (TAMSAT) daily precipitation estimates, 
based on high-resolution thermal-infrared observations 
(Maidment et al. 2017), merged with station rainfall data and 
available at 4km spatial resolution (Dinku et al. 2014) are 
also used to compute local onset dates. At each grid point, 
these are defined as the date when cumulative rainfall of at 
least 20 mm is obtained in 1-to-3 consecutive days and with-
out any dry spell exceeding 20 days during the following 30 
days. This is consistent with the definition used at the Centre 
Regional de Formation et d’Application en Agrométéorolo-
gie et Hydrologie Opérationnelle (AGRHYMET) and the 
PREvisions climatiques Saisonnière en Afrique Soudano-
Sahélienne (PRESASS) forums.
Daily geopotentials, winds and omega vertical velocities 
from the NCEP-DOE II reanalysis (NCEP2 in the follow-
ing), produced jointly by NCEP and the US Department of 
Energy (DOE), at 2.5◦ ×2.5◦ horizontal resolution (Kan-
amitsu et al. 2002), are used to investigate key atmospheric 
circulation features including surface conditions, AEWs 
activity and upper-level westerly waves.
The relationships between convection regimes identified 
through clustering of daily OLR (Sect. 2.2), and SSTs in the 
different oceanic basins is assessed using the NOAA Opti-
mum Interpolation SST version 2 (OISST) dataset consist-
ing of daily values at a quarter of a degree (Reynolds et al. 
2007), which were aggregated for May–Nov seasons from 
1982 to 2014.
To investigate the reproducibility of observed regimes 
by models from the S2S database (World Meteorologi-
cal Organization 2013), daily OLR from ECMWF week-1 
(i.e., the period [d+1,d+7] for a forecast issued on day d) 
11-member reforecasts. ECMWF reforecasts are generated 
on the fly twice a week (11 members every Monday and 
Thursday), and those with Thursday starts from May to 
November 2016 (i.e., May 2–Nov 28 start dates) are used 
in the following over the 1996–2015 period. Reforecasts 
produced at 16 km spatial resolution up to day 10 and at 32 
km thereafter (i.e., Tco639/319 truncations) are available 
from the S2S database (Vitart et al. 2017), where they are 
archived at 1.5-degree spatial resolution. Regime predict-
ability is then examined from week-1 to week-4 reforecasts 
(i.e., periods from [d+1,d+7] to [d+22,d+28]) in Sect. 4.
2.2  Dynamical clustering approach
Subseasonal convection activity is first examined from 
daily NOAA OLR for the May–Nov season over the domain 
[ 0 − 25◦N;20◦E − 20◦W ] centered on West Africa. The sea-
sonal cycle was not removed from OLR prior to the analy-
sis so as to retain synoptic weather and its seasonality. To 
reduce the dimensionality of the problem and to ensure 
linear independence between input variables, an empirical 
orthogonal function analysis is apriori performed on the data 
correlation matrix. The first 11 principal components (PCs), 
explaining 70% of the variance based on the covariance 
matrix are retained and are input into an objective classifica-
tion through k − means clustering (Michelangeli et al. 1995; 
Cheng and Wallace 2003). For week-1, the different ensem-
ble members are expected to be close to the ensemble mean 
solution, and the same methodology is applied to ECMWF 
week-1 ensemble mean daily OLR fields aggregated from 
weekly starts issued in May–Nov over 1996–2015 similarly 
to other studies (Vigaud et al. 2018). When pre-processing 
ECMWF week-1 OLR, 13 PCs explaining about 81% of the 
variance of the 11-member ensemble mean reforecasts are 
retained based on the covariance matrix. For each dataset 
separately, the Euclidean distance is then used to measure 
similarities between daily OLR patterns and a given regime. 
The robustness of regime partitions is measured by a clas-
sifiability index (Cheng and Wallace 2003) and compared to 
confidence limits from a red-noise test applied to Markov-
generated red-noise data (Michelangeli et al. 1995; Moron 
and Plaut 2003; Vigaud et al. 2012, 2016; Vigaud and Rob-
ertson 2017).
2.3  Significance testing
Results from composites related to each daily OLR regime 
are tested for statistical significance using a two-tailed Stu-
dent’s t-test, comparing the means of the total fields from 
all days belonging to a regime versus the May–Nov mean 
over the 34-year study period. The significance of correla-
tions between yearly regime frequencies and seasonal SSTs 
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in May–Nov is determined using a resampling Monte Carlo 
bootstrap test based on 1000 random permutations (Livezey 
and Chen 1983). Non-significant scores are systematically 
masked in the subsequent plots. Monte Carlo simulations 
are also used in Sect. 3.3 to test the significance of regime 
fractions per MJO phases based on many random subsets 
of NOAA regimes (i.e., 1000) drawn from the entire pool 
of reanalyses during the May–Nov period, from which the 
95th percentile counts are compared to those of MJO phase 
samples.
2.4  Skill metrics
In Sect. 4, the skill of ECMWF reforecasts at week-1 to 
-4 leads is examined in the convection regimes subspace 
by projecting daily OLR ensemble mean reforecasts onto 
the seven observed regime patterns. Forecast skill is meas-
ured for each regime separately with performance diagrams 
(Roebber 2009) which allow to represent multiple measures 
of dichotomous forecast quality including the success ratio 
(SR, based on the false alarm ratio FAR as SR=1-FAR), the 
probability of detection (POD), bias, and critical success 
index (CSI), based on the 2 × 2 contingency tables formed by 
daily observed/forecasted regime occurrences for all starts 
of the May–Nov 1996–2013 period.
3  Recurrent convection regimes over West 
Africa
Applying k − means clustering to daily NOAA OLR 
(1980–2013) over the domain [0–25◦N;20◦E–20◦ W] leads 
to the clustering index shown in Fig. 1, which exhibits a 
significant peak for k=7 and larger values. The 7-cluster 
partition is the most compact and significant solution thus 
selected for analysis.
3.1  Mean patterns, transitions and seasonality
Figure 2 displays each NOAA regime’s daily OLR anoma-
lies with respect to the mean seasonal cycle smoothed with a 
5-day running mean, obtained by compositing over all days 
assigned to each regime. The 7-cluster partition consists of 
one “dry” (2) and two “wet” (1 and 7) regimes for which 
convection is respectively suppressed and enhanced, and 
four propagating regimes characterized by alternating posi-
tive/negative OLR anomalies typical of anomalous convec-
tive cells transiting across West Africa along 15◦N (regimes 
3 and 5) and 24◦N (regimes 4 and 6).
The 7-regime partition is well reproduced in ECMWF 
week-1 ensemble mean reforecasts, as shown by OLR 
anomalies constructed by subtracting the week-1 averaged 
forecast 1996–2015 climatology smoothed using a 5-day 
Fig. 1  Classifiability index as 
a function of the number of 
regimes k (boxes). The levels 
of significance at 5 and 10% 
(solid and dashed) are computed 
according to a first-order 
Markov process
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running mean (Fig. 3a–g). Maximum differences of the 
same sign of the corresponding anomalies (Fig. 3h–n) sug-
gest differences in magnitude, but not in the overall pat-
tern structures for most regimes, except for regime 1, for 
which highest negative loadings along the Guinean coast 
in ECMWF contrast with the southwest–northeast elon-
gated anomalies in NOAA. Compared to NOAA, regime 
2 is related to broader drying across Guinean regions and 
meridionally alternating positive/negative differences 
for regimes 4–6 reflect a southward shift of anomalies 
in ECMWF. These results suggest potential differences 
between observed dynamics and those simulated by the 
model. However, greater similarities for most regimes 
are evidence of the fidelity of the model’s deterministic 
forecasts in the 7-day range. In addition, the regimes 
obtained by clustering ECMWF week-1 output for a sin-
gle ensemble member are significantly correlated (not 
shown) to those obtained from the ensemble mean, except 
for regime 3. The outcome potentially reflects the model’s 
internal variability, with patterns of similar structure but 
anomalies of lower amplitudes for a single member com-
pared to the ensemble mean, and suggests that, beyond 
being the best estimate of the model’s forecast, the ensem-
ble mean also provides a more robust representation of 
recurring convection patterns in the model.
Transitions between regimes are illustrated in Table 1. 
Highest scores are found along the diagonal suggesting the 
persistence of regimes at daily time-scale, while particular 
sequences are favored, as shown by significant transition 
probabilities compared to chance. Amongst them, regime 5 
prefentially follows regime 3 and precedes regime 7, while 
regimes 4 and 6 alternate. Regimes 3–5 and 4–6 thus reflect 
the westward transit of anomalous convective cells along 
two distinct wave trains at 15◦N and 24◦N spaced similarly 
as the main AEWs tracks (Diedhiou et al. 1999). By com-
parison, ECMWF overestimates the occurrence of regimes 
1, 4 and 7, while underpredicting those of regimes 2, 3 and 5 
(Table 2). In ECMWF, regimes 3 and 7 preferentially follow 
each other and the same is true of regimes 4 and 5. Never-
theless, transition probabilities are small in the model. The 
prevalence of regimes 3–7 transitions in the model contrasts 
with those from regimes 3–5 and 5–7 favored in the observa-
tions and could suggest different dynamics, while the similar 
structures of the large-scale OLR patterns typical of these 
regimes indicate that such differences could also be attrib-
uted in part to the shorter ECMWF period.
The number of occurrences of NOAA regimes over the 
1980–2013 period is broken by month in Fig. 4a. Regimes 
1 and 2 are most frequent at the beginning (May–Jun) 
and end (Oct) of the season with maximum number of 
occurrences in May, when the seasonal rainbelt is at its 
southernmost position, which agrees with rainfall season-
ality in the case of regime 2 associated with suppressed 
convection. Regimes 3, 5 and 7 occur mainly during the 
core WAM season (Jul–Sep), when the seasonal rainbelt 
migrates northwards. The pattern of convection anoma-
lies associated with these regimes, propagating westwards 
along 15◦N , indicates an association with the AEJ and 
most particularly 3–5 days AEWs (Diedhiou et al. 1999) 
developing within the core jet locations (5–15◦N ). In con-
trast, regimes 4 and 6 are most frequent in Oct–Nov, when 
the seasonal rainbelt retreats southwards and the perma-
nent anticylones potentially exert more influence on zonal 
wind crucial to the initiation and maintenance of the 6–9 
days waves (Diedhiou et al. 1999). Overall, regime sea-
sonalities are well reproduced by ECMWF at week-1 lead 
(Fig. 4c) despite differences in magnitude that could be 
Fig. 2  Mean NOAA OLR anomalies (in W/m2) for each regime dur-
ing the May-Nov season over the 1980-2013 period. All anomalies 
presented are significant at 5% level of Student’s t-test
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Fig. 3  Mean ECMWF week-1 OLR anomalies (in W/m2) for each 
regime during the May-Nov season over the 1996-2015 (a–g) and dif-
ferences (red/blue contours correspond to positive/negative anomalies 
starting at ±10 W/m2 and every ±5 W/m2) with those from NOAA 
(h–n). All anomalies and differences are significant at 5% level of 
Student’s t-test
Table 1  Contingency tables of 
daily transitions between the 
seven daily NOAA OLR classes 
(1980–2103)
In parentheses are indicated the respective transition probabilities (in % ) obtained by dividing separate class 
counts by the sum of the columns of each row
Stars (*) indicate significance at 0.1% level of 휒2 test
To Class 1 Class 2 Class 3 Class 4 Class 5 Class 6 Class 7 Total
From
Class 1 390* (52) 84 (11) 96 (13) 38 (5) 50 (7) 73 (9) 23 (3) 754 (10)
Class 2 68 (5) 850* (64) 132 (10) 2 (0) 194 (14) 79 (6) 8 (1) 1333 (18)
Class 3 45 (4) 157 (14) 461* (40) 37 (3) 262* (24) 33 (3) 141 (12) 1136 (16)
Class 4 35 (8) 3 (1) 33 (7) 273* (62) 0 (0) 93* (21) 4 (1) 441 (6)
Class 5 101 (7) 152 (11) 183 (13) 0 (0) 687* (50) 6 (1) 254* (18) 1383 (19)
Class 6 61 (7) 73 (8) 35 (4) 90* (10) 10 (1) 638* (70) 2 (0) 909 (13)
Class 7 47 (4) 3 (0) 193 (15) 11 (1) 176 (14) 2 (0) 854* (66) 1286 (18)
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related to systematic biases (Table 2) and potential dif-
ferences in the dynamics associated with each regime.
3.2  Associated rainfall and circulation anomalies
Rainfall anomaly composites based on CHIRPS/TRMM 
estimates, plotted in Figs.  5 and 6a–g for the days 
assigned to each NOAA regime, exhibit a near one-to-one 
local correspondence between the polarity of the convec-
tion anomalies and those of precipitation for all seven 
regimes. The regime rainfall patterns are well reproduced 
in ECMWF week-1 (Fig. 6h–n) as indicated by differ-
ences of the same sign of the anomalies (Fig. 5h–n) that 
suggest differences in magnitude but not in structure. 
Despite some differences for the early WAM regimes (1 
and 2), similarities reflect forecast fidelity in the 7-day 
range.
3.2.1  Early WAM season (May–Jun)
Regimes 1 and 2 prevail in May–Jun. Regime 1 is charac-
terized by southwest-northeast orientated negative surface 
geopotential anomalies centered at about 10◦W and 25◦N 
along the west coast, and anomalies of opposite sign to the 
southeast (Fig. 7a). The low pressure cell is associated with 
a cyclonic circulation anomaly favoring moist air advection 
from the tropical Atlantic inland feeding increased convec-
tion (Fig. 2a), as shown by anomalous uplift in the wake 
of the cyclonic cell. The latter is located more to the south 
in ECMWF week-1 reforecasts leading to broader westerly 
anomalies over the tropical Atlantic (Fig. 8a), thus advecting 
moist air towards Guinean regions and leading to maximum 
wetting locally (Fig. 6h). For regime 2, ridging anomalies 
along the west coast at surface are associated with low-
level easterly wind anomalies south of 10◦ N that weaken 
the westerly monsoon flow, inhibiting uplift (Fig. 7b) and 
Table 2  Similar to Table 1 
but for daily ECMWF week-1 
reforecasts (1996–2015)
To Class 1 Class 2 Class 3 Class 4 Class 5 Class 6 Class 7 Total
From
Class 1 342* (76) 29 (5) 16 (3) 32 (9) 23 (5) 0 (0) 11 (1) 453 (12)
Class 2 (4) 17 411* (66) 61 (11) 13 (3) 28 (6) 1 (0) 94 (10) 625 (16)
Class 3 19 (4) 72 (11) 294* (53) 14 (4) 22 (5) 0 (0) 133* (14) 554 (14)
Class 4 28 (6) 16 (3) 7 (1) 245* (65) 47* (10) 42 (8) 0 (0) 385 (10)
Class 5 33 (5) 34 (7) 8 (1) 50* (13) 308* (66) 31 (6) 5 (1) 469 (12)
Class 6 0 (0) 0 (0) 0 (0) 22 (6) 37 (8) 439* (86) 0 (0) 498 (13)
Class 7 9 (2) 62 (10) 168* (30) 3 (1) 1 (0) 0 (0) 673* (73) 916 (23)
Fig. 4  Average counts of the occurrences of NOAA (1980–2103, a) and ECMWF week-1 (1996–2015, b) OLR regimes by calendar month
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convection broadly across the Sahel (Fig. 2b). Increased 
uplift over the East African Rift and anomalous low pres-
sures over Asia with associated westerly anomalies in the 
Indian Ocean suggest modulations of the Walker circula-
tion with stronger ascending and subsiding branches over 
East and West Africa, respectively, and weaker subsidence 
over Asia. Increased surface convergence there favors the 
circulation associated with the Somali jet and the Indian 
monsoon leading to wet conditions in Asian monsoon 
regions (Fig. 6b). These teleconnections are well repro-
duced in ECMWF (Figs. 7i and 8b) with large-scale ridging 
anomalies across Africa consistent with broader drying in 
the reforecasts compared to reanalyses (Fig. 5b).
3.2.2  Core WAM season (Jul–Sep)
Regimes 3 and 5, associated with the propagation of anoma-
lous convective cells along 15◦N , dominate the core WAM 
alongside ubiquitously wet regime 7. Regime 3 is charac-
terized by anomalous ridging inland along the west coast 
with maximum positive geopotential anomalies between 24 
and 30◦ N (Fig. 7c) and easterly anomalies south of 10◦ N 
concomitant with enhanced uplift at the coast and subsid-
ing anomalies east of the prime meridian. Together with the 
cyclonic anomaly ahead of the ridge deflecting most warm 
moist air off the continent, wet conditions are favored over 
Senegal and drying over the Sahel interior (Fig. 5c). Ridging 
Fig. 5  Mean CHIRPS rainfall anomalies (a–g, in mm/day) for NOAA 
OLR regimes and differences with those from ECMWF week-1 
reforecasts (h–n, blue/red contours correspond to positive/nega-
tive anomalies starting at and every ±1 mm/day) for ECMWF OLR 
regimes (Fig.  6h–n) for the May–Nov season over their respective 
1981–2013 and 1996–2015 periods. All anomalies and differences 
are significant at 5% level of Student’s t-test
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anomalies over Asia suggest modulations of the Walker 
circulation with stronger subsidence over the Sahel and a 
meridional shift of convection between the western and 
central Pacific. However, rainfall anomalies are not signifi-
cant over Asia in both observations and model (Fig. 6c, j). 
ECMWF does not exhibit significant anomaly across Africa 
for regime 3 (Fig. 8c) suggesting less coherence in the prop-
agation of the anomalous convective cell in ECMWF. This 
can be due to the sampling of day 1–7 instead of consecutive 
day 1 from the reforecasts, potentially degrading the signal 
associated with propagating tropical convection, but could 
also reflect internal variability in the model as noticed for 
this regime when computed from a single ensemble member 
instead of the ensemble mean (not shown). The anticyclonic 
anomaly transits westwards from regime 3 to 5 leading to 
negative geopotential anomalies to the east and maximum 
inland at 18◦ N and between 12◦W–12◦ E, which are asso-
ciated with an anomalous cyclonic circulation resulting in 
easterly anomalies to the south (Fig. 7e). Anomalous uplift 
in the wake of the trough and subsidence ahead agree with 
rainfall anomalies in Fig. 5e. The anticyclonic anomaly is 
well reproduced in ECMWF despite the cyclonic cell behind 
not being as marked (Fig. 8e) similarly to regime 3, poten-
tially reflecting week-1 sampling and internal variability in 
the model. Moreover, regime 5 is found to be more frequent 
in October in ECMWF (Fig. 4b), when prevailing subtropi-
cal anomalies are consistent with increased control from the 
midlatitudes in the late season. By regime 7, the anomalous 
trough prevails across West Africa with westerly anomalies 
south of 20◦ N and anomalous uplift leading to broad wet-
ting (Fig. 5g). Upper level geopotential anomalies of lower 
amplitude for core WAM regimes (not shown) compared to 
others suggest deeply tropical patterns. The trough and asso-
ciated westerly anomalies are well reproduced in ECMWF 
(Fig. 8e) which also exhibits linkages with Indian monsoon 
regions, where anticylonic and easterly anomalies suggest 
modulations of local convection opposite to those in regime 
2.
3.2.3  Late WAM season (Oct–Nov)
Regimes 4 and 6, characterized by anomalous cells propa-
gating across the Sahel along 24◦N , are prevalent during the 
end of the WAM season. For regime 4, maximum negative 
Fig. 7  Mean NCEP2 850 hPa 
geopotential heights (shad-
ings in m) and winds (vectors, 
in m /s) anomalies together 
with 500 hPa vertical velocity 
anomalies (contours starting 
at ±0.05 mb/s and every ±0.1 
mb/s) for NOAA OLR regimes 
in the May–Nov season over the 
1980–2013 period. All anoma-
lies are significant at 5% level of 
Student’s t-test
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geopotential anomalies off the west coast north of 18◦ N 
are accompanied by an anomalous cyclonic circulation 
(Fig. 7d) sustaining moisture advection from the tropical 
Atlantic inland. Significant uplift anomalies in the wake of 
the trough are maximum over Senegal extending northwards 
with increased rainfall locally (Fig. 5d). The anomalous 
cyclonic cell is located further to the northwest for regime 4 
in ECMWF (Fig. 8d) compared to reanalyses, which could 
explain rainfall differences in Fig. 5k. However, contrasting 
ridging anomalies over west Asia are consistent with the 
large-scale anomalies in the reanalyses. Ridging anomalies 
maximum north of 18◦ N for regime 6 and easterly anomalies 
southwards weaken the westerly monsoon flow towards the 
Guinea Gulf, where subsidence (Fig. 7f) and dry conditions 
prevail (Fig. 5f). Anomalous ridging is limited to the sub-
tropics in ECMWF (Fig. 8f) which might again be associated 
with week-1 sampling and internal variability as for regime 
3, but also suggests marked control from the midlatitudes 
in the late WAM.
Overall, the regime OLR and attendant circulation anom-
alies are consistent with dynamical modes of variability at 
subseasonal time-scales (Janicot et al. 2011). Early and core 
WAM regimes resemble the Sahel mode (at t0 +2 and t0+6/8 
for regimes 1 and 2, and at t0-12, t0 -6 and t0-2/ t0 for regimes 
3, 5 and 7). The core WAM regime 7 also bears similarities 
to the African MJO mode at t0 . Late WAM regimes resemble 
the QBZD mode (at t0 +4 and t0 +6 for regimes 4 and 6). This 
is emphasized by regime seasonalities (Fig. 4a) matching the 
respective prevalence of the Sahel, African MJO and QBZD 
modes in June-July, July-August and from September.
3.3  Frequencies of occurrence and MJO phases
Given that the MJO is known to be a primary source of 
predictability at subseasonal time-scales, the frequency 
of occurrence of each regime is broken by MJO phases in 
Fig. 9. Panels a–g represent the distribution of days belong-
ing to each OLR regime across the 8 MJO phases, while 
panel h displays the percentages of regime occurrences by 
MJO phase at lead 0. In Fig. 9a–g, the fraction of days in 
each regime relative to MJO phase, i.e., the number of days 
that the MJO phase precedes a given daily regime, is relative 
Fig. 8  Mean ECMWF week-1 
850 hPa geopotential heights 
(shadings in m) and winds 
(vectors, in m/s) anomalies for 
ECMWF week-1 OLR regimes 
in the May–Nov season over the 
1996–2015 period. All anoma-
lies are significant at 5% level of 
Student’s t-test
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to the total number of days spent in that regime. Figure 9h 
displays the percentages of regime occurrences by MJO 
phase as observed on the days of occurrence of each regime 
(i.e., this is the contingency matrix at 0 lead). Regime 1 
exhibits the least modulation according to MJO phases at all 
leads (Fig. 9a). The early WAM regime 2 is more frequent 
during MJO phase 6 at no lead (Fig. 9h) when convection is 
enhanced over the western Pacific, and favored when MJO 
phase 3 leads about 10 days (Fig. 9a, b) and convection is 
enhanced over the Indian Ocean, consistently with regime 2 
teleconnections (Fig. 7b). During the core WAM, regimes 3 
and 5 frequencies are maximum during MJO phases 1–2 at 
all leads (Fig. 9c, e and h), consistent with increased convec-
tion over the western Indian Ocean–West Africa (Wheeler 
and Hendon 2004). The low variations of regimes 3 and 
5 relationship to MJO phases 1–2 across lead time could 
be due to temporal sampling, since these are the only two 
regimes prevailing in both July and September when MJO 
sensitivity might be contrasted locally due to seasonality. 
Regimes 5 and 7 are favored when MJO phases 4–5 and 2 
lead by a 1–2 weeks, i.e., when convection is enhanced over 
the Maritime Continent and the Indian Ocean, respectively. 
Late WAM regimes 4 and 6 are more frequent during MJO 
phases 4–7 at all leads (Fig. 9d, e and h) when convection 
is enhanced from the MC to the western Pacific, consist-
ent with the equatorial wave mechanism propagating MJO-
induced latent heat anomalies in the warm pool (Lavender 
and Matthews 2009). Overall, regime frequencies are signifi-
cantly related to the MJO with lagged relationships suggest-
ing potential for predictability, in particular during the early 
WAM for MJO phases 3 and 6, when convection is enhanced 
over the Indian Ocean and the western Pacific, respectively.
3.4  Year‑to‑year variability and SST teleconnections
Figure  10a–g displays NOAA and ECMWF week-1 
yearly frequency anomalies computed as the differences 
between the yearly number of occurrences of each regime 
in May–Nov and mean values computed from the respec-
tive 1980-2013 and 1996–2015 climatologies. These are 
22/23, 39/31, 33/28, 13/19, 41/23, 27/26 and 38/46 days for 
NOAA/ECMWF regimes 1 to 7, consistent with Tables 1, 2. 
ECMWF regime frequencies are comparable to those from 
NOAA. However, departures in observed and forecasted fre-
quencies for regimes 3 and 5 might be attributed to both the 
model systematic biases and the different periods analyzed. 
To examine how variations in the frequency of occurrence of 
each NOAA regime are related to seasonal rainfall, the five 
wettest/driest years computed from CHIRPS estimates over 
West Africa between [5–20◦ N; 20◦W–30◦ E] are shown in 
Figure 10h. Regimes 2, 3 and 6 are less frequent during most 
wet years. Opposite relationships with regimes 2 and 6 are 
true for dry years, when regime 5 is less frequent. Regime 7 
is more frequent during wet years and is concomitant with 
the observed wetting since the 1990s (Fig. 10h).
Regime frequencies are mainly related to the tropi-
cal Indian Ocean and North Atlantic in the early WAM 
(Fig. 11a, b), to El Niño in the core season (Fig. 11c) and 
to the tropical Atlantic and Pacific extra-tropics in the late 
WAM (Fig. 11d, f). During the early WAM, regime 2 tel-
econnections with the tropical Indian Ocean (Fig. 11b) mir-
ror relationships to the atmospheric circulation over Indian 
monsoon regions (Fig. 7b), where subsequent modulations 
of cloud cover and thus radiation forcing act to cool local 
SSTs. In the core WAM, increased regime 3 frequencies with 
El Niño (Fig. 11c) are consistent with drying in the Sahel for 
warm ENSO phases (Janicot et al. 1996, 2001; Lebel et al. 
2003; Joly and Voldoire 2009), through modulations of the 
Fig. 9  Distribution of the fraction of days belonging to each regime, 
relative to the total number of days spent in each, according to MJO 
phase, numbered from 1 to 8 on the x-axis. The ordinate in panels a–
g indicates the lead time, in days between 0 and 15, that MJO phase 
precedes the occurrence of the daily OLR regime; h depicts the con-
tingency matrix at lead 0, and shows the proportion of regime occur-
rences by MJO phase. Counts not significant at 5% level based on 
Monte Carlo simulations are shaded in grey
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Walker circulation with westerly anomalies over the tropical 
Atlantic and increased subsidence over the Sahel (Fig. 7c). 
The limited significance of dry anomalies related to telecon-
nections over Asia (Fig. 6c, j) could reflect the non-linearity 
of recent ENSO impacts (Gadgil et al. 2005; Krishna Kumar 
et al. 2006). Regime 7 correlations to global SSTs agree with 
the contribution of global warming to Sahel wetting since 
the 1990s (Giannini 2015).
Yearly rainfall anomalies are next reconstructed from the 
yearly regime frequencies (Figure 10), that are multiplied by 
the rainfall anomalies associated to each regime, and then 
averaged spatially over the WAM domain between [5–20◦
N;20◦W–30◦ E] for both NOAA (using CHIRPS for corre-
sponding rainfall) and ECMWF week-1, as shown in Fig. 12 
alongside their respective spatially averaged rainfall anoma-
lies. Spatially averaged rainfall anomalies from the model 
Fig. 10  Time-series of the 
differences in number of days 
spent in each OLR regime (a–g) 
during each May-Nov season 
compared to the long-term 
mean for NOAA and ECMWF 
week-1 reforecasts over the 
1980–2013 and 1996–2015 
periods, respectively. Black 
crosses/grey stars indicate the 
five wettest/driest years from 
the CHIRPS rainfall index (land 
only) averaged over a domain 
between [5–20◦ N; 20◦W–30◦ E] 
(h)
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are highly correlated with those from observations ( R
AVG
 = 
0.75), as well as rainfall anomalies reconstructed from their 
respective regime frequencies and rainfall anomalies ( R
REC
=0.58), which reflects substantial coherence between yearly 
regime proportion and their impact on rainfall between 
model and observations. Reconstructed anomalies are also 
significantly correlated to those spatially averaged for both 
NOAA and ECMWF ( R
NOAA
 = 0.70 and R
ECMWF
 = 0.77) 
over their respective 1981–2013 and 1996–2015 periods, 
indicating that WAM rainfall interannual variability is well 
represented by regime frequencies.
4  Predictability from submonthly 
reforecasts
ECMWF ensemble mean reforecasts at week-1 to -4 leads 
are here used to examine the predictability of convection 
regimes. Euclidean distances are used to measure similari-
ties between daily OLR patterns from ECMWF reforecasts 
issued in May–Nov for the 1996-2013 period and each 
regime computed from 1980 to 2013 NOAA daily OLR (see 
Sect. 2.2), in order to classify each daily ECMWF reforecast 
as a single regime occurrence for which Euclidean distance 
is minimized. ECMWF ensemble mean reforecasts are cho-
sen to take advantage of the 11-member ensemble and thus 
representing the best estimate of the model signal.
4.1  Reproducibility versus lead time
The sequence of regimes observed in NOAA and forecasted 
by ECMWF at week-1 to -4 leads (i.e., over the periods from 
[d+1,d+7] to [d+22,d+28] for a forecast issued on day d) 
are plotted in Fig. 13 for Thursday starts in the 1996–2013 
May-Nov seasons. At week-1 lead, the sequence of regimes 
forecasted by ECMWF bears some similarities to the one 
observed in NOAA at the begining of the season but also 
displays substantial differences reflecting ECMWF system-
atic biases (Table 2). Regime 2 occurrences are not captured 
by ECMWF in the late WAM but those at the beginning of 
Fig. 11  Heterogeneous cor-
relations (shadings) between 
yearly NOAA OLR regime 
occurrences (i.e., time-series 
in Fig. 10a–g) and May-Nov 
OISST over the 1982–2013 
period. All correlations are sig-
nificant at 5% level using Monte 
Carlo simulations
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the season are well reproduced up to week-4 leads, suggest-
ing potential predictability of late onset due to dry spells in 
the early rainy season. Interestingly, the relative frequencies 
of regimes 1 and 7 switching from a more frequent regime 
1 before mid-June to highest frequencies of regime 7 after, 
might also reflect the onset of the monsoon over the Sahel. 
As lead increases, skill decreases with more differences 
compared to observation.
Performance diagrams are used for visually representing 
forecast quality (Roebber 2009). They are commonly used 
in the context of numerical weather predictions and are here 
applied to evaluate the skill of ECMWF forecasts in pre-
dicting daily regime occurrences. Figure 14 summarizes the 
success ratio (SR), the probability of detection (POD), bias, 
and critical success index (CSI). Dashed lines represent bias 
scores with labels on the outward extension of the line, while 
labeled solid contours are CSI. For good forecasts, POD, 
SR, bias, and CSI are close to 1 and a perfect forecast will 
thus lie in the upper right of the diagram, while deviations 
in a particular direction indicate relative differences in POD 
and SR, and thus bias and CSI (Roebber 2009). All forecasts 
exhibit relatively low skill with most points in Fig. 14 clus-
tered left of the bias = 1.0 line. Those of regime 2, located 
to the right, are the exception. They have the highest success 
ratio but also the lowest detection rate at all leads, reflecting 
ECMWF systematic bias (Table 2) magnified with lead time 
(Fig. 13). The prevalence of regime 2 in June for ECMWF 
reforecasts (Fig. 4b) corroborates the potential for skillful 
predictions during the WAM pre-onset period (Fontaine and 
Louvet 2006). Results from the regime analysis in section 3 
suggest that predictability might be drawn primarily from 
the MJO, to which regime 2 frequency of occurrences exhib-
its maximum relationship in phase 3 more than 10 days in 
advance (Fig. 9b), but also from regime 2 teleconnections 
with the Indian monsoon sector (Figs. 5b, 6b/j and 7b).
4.2  Application to WAM onset predictions
Dry spells in the early WAM can have dramatic impacts 
on crop yield (Janicot et al. 2011) by increasing the likeli-
hood of a false start, which represents the largest agronomi-
cal risk for local stakeholders in West Africa (Fitzpatrick 
et al. 2015). Based on the above results, we next focus on 
assessing the predictability of onset date using the forecasted 
Fig. 12  Yearly CHIRPS (blue bars) and ECMWF week-1 (red bars) 
rainfall averaged over [5–20◦N;20◦W–30◦ E] and reconstructed from 
the regime frequencies and averaged rainfall anomalies (lines) over 
1981–2013 and 1996–2015, respectively. Spatially averaged rainfall 
anomalies from CHIRPS and ECMWF are correlated at R
AVG
 = 0.75 
and those reconstructed from ECMWF and NOAA WRs at R
REC
 = 
0.58. Spatially averaged and reconstructed anomalies are correlated at 
R
NOAA
 = 0.70 and R
ECMWF
 = 0.77 for NOAA and ECMWF, respec-
tively, all correlations being significant at 1% level using Monte Carlo 
simulations
Fig. 13  Day-to-day classifiability per May-Nov seasons during the 
1996–2013 period when each day is projected onto NOAA OLR 
7-cluster partition obtained over the 1980–2013 period. For each year, 
the first line is the composite weekly sequence observed in NOAA for 
every ECMWF Thursday starts, while the lines above correspond to 
those forecasted by ECMWF at week-1 to -4 leads (i.e., periods from 
[d+1,d+7] to [d+22,d+28] for a forecast issued on day d)
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counts of dry regime 2 during the mid-May to mid-July 
period as a predictor, such that increased occurrences of 
regime 2 in the early season would translate in delayed WAM 
onset. Onset dates measured by the WAMOI (see Sect. 2.1) 
are used as a benchmark following the definition of Fontaine 
and Louvet (2006) over the [ 10◦E − 10◦W ] window, where 
a clear meridional land-sea contrast exists. WAMOI values 
increase when the rainbelt migrates northwards but decrease 
with the southward migration of rains. Mean onset dates 
around June 22–23 for TRMM and GPCP (Table 3) and 
June 24–25 for CHIRPS (computed over 1981-2013 since 
the period after 1996 leads to June 30-July 1) correspond 
well with the Jun 24–25 onset date computed from 1996-
2013 ECMWF week-1 ensemble mean. These estimates are 
earlier than those from Fontaine and Louvet (2006) over 
1979–2004 (June 28–29) with a little more spread (from 
10 to 13 days) than the 8-day standard deviation noted in 
Janicot et al. (2011), potentially reflecting differences across 
datasets and/or temporal sampling, including the wettening 
observed since the 1990s.
Monsoon onset indices from CHIRPS, TRMM, GPCP 
and ECMWF week-1 rainfall estimates are next computed 
over the 1996–2015 period together with yearly regime 
2 counts from mid-May to mid-June based on daily OLR 
from NOAA and ECMWF reforecasts from week-1 to -4 
leads. Maximum correlations between TRMM and GPCP 
WAMOI (0.85) suggest better agreement between both 
indices than with CHIRPS (0.57 and 0.29, respectively). 
Similarly, ECMWF week-1 WAMOI exhibits greater cor-
relations with TRMM (0.79) and GPCP (0.70) than CHIRPS 
(0.50). Regime 2 counts and WAMOI are significantly cor-
related when both are computed from ECMWF week-1 
Fig. 14  Performance diagram 
(Roebber 2009) for each regime 
(colors) at week-1 (diamonds), 
week-2 (circles), week-3 
(squares) and week-4 (trian-
gles) leads during the May-Nov 
































Table 3  Characteristics of West African Monsoon Onset Indi-
ces (WAMOI) from CHIRPS, TRMM and GPCP dataset as well as 
ECMWF week-1 and their relationships to ECMWF week-1 to -4 
regime 2 counts
Correlations significant at 10, 5 and 1% level of significance using 
Monte Carlo simulations are respectively indicated with *, ** and 
***
CHIRPS TRMM GPCP ECMWF
WAMOI WAMOI WAMOI WAMOI
Period 1981–13 1998–13 1997–13 1996–13
Mean onset date June 24–25 June 22–23 June 22–23 June 24–25
TRMM 
WAMOI
0.57*** 1 0.85*** 0.79***
GPCP WAMOI 0.29 0.85*** 1 0.70***
ECMWF 
WAMOI
0.50* 0.79*** 0.70*** 1
Week-1 Class 2 – 0.05 – 0.04 – 0.07 0.44*
Week-2 Class 2 – 0.02 0.17 0.23 0.56***
Week-3 Class 2 0.09 0.40 0.45* 0.65***
Week-4 Class 2 – 0.02 0.10 0.28 0.60***
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reforecasts (0.44) confirming that more occurrences of 
regime 2 from mid-May to mid-June result in delayed WAM 
onset and thus, that regime 2 frequency is a good predictor 
for onset date in the model ensemble mean. Correlations 
between ECMWF forecasted regime 2 counts during the 
mid-May to mid-June period and WAMOI are enhanced as 
lead time increases (0.56, 0.65 and 0.60 at week-2, -3 and 
-4 leads) similarly to ECMWF regime 2 count correlations 
with observed WAMOIs, which are maximized and signifi-
cant at week-3 lead (0.45 for GPCP). This is reflected in 
Figure 15 by greater correlations compared to other leads 
between ECMWF regime 2 counts and onset dates, when 
defined locally at each grid point from TAMSAT merged 
rainfall estimates (see Sect. 2.1). Skillful onset date predic-
tions based on regime 2 forecasted counts could be drawn 
from regime 2 relationships to MJO phase 3 beyond 10 days 
lead (Fig. 9b), when convection is enhanced over the Indian 
Ocean. Potential teleconnections through modulations of the 
Walker circulation (Fig. 7b) could translate into skill beyond 
two weeks in predicting dry spells over West Africa. This is 
an alternative to approaches using Guinea Gulf rainfall as 
the main predictor, whose predictive capability decreases 
quickly with lead, as noted by Fontaine and Louvet (2006) 
who recommended new schemes based on historical data 
and numerical simulations. The weather typing discussed 
here provides that opportunity.
5  Conclusions
This study aimed to identify recurrent convection regimes 
during the broader WAM season (May–Nov), using a 
dynamical clustering ( k − means ) of 2.5-degree gridded 
daily NOAA OLR observations (1981–2013), and to assess 
their reproducibility in ECMWF submonthly reforecasts 
(1996–2015) before presenting an application to WAM 
onset date prediction, whose potential skill is evaluated from 
ECMWF ensemble mean reforecasts at week-1 to week-4 
leads. Seven patterns of anomalous convection (Fig. 2) are 
identified, each related to distinct rainfall anomalies over 
West Africa which are well reproduced by 1996–2015 
ECMWF week-1 reforecasts (Figs. 3, 4, 5, 6 and 8) despite 
systematic biases that might be associated with both week-1 
sampling (i.e., day 1–7 and not consecutive day 1 of the 
reforecasts) and internal variability in the model. Two 
regimes prevailing during the early WAM season (May-Jun) 
and in October (Fig. 4a) are related to cyclonic (regime 1) 
and anticyclonic (regime 2) anomalies respectively (Fig. 7a, 
b). Increased moisture advection from the tropical Atlantic 
and uplift inland for regime 1 result in wet conditions in 
the central Sahel/Guinea Gulf and drying over the western 
Sahel/Senegal (Fig. 5a). A weakened monsoon flow and sub-
siding anomalies result in drying across the Sahel for regime 
2 with modulations of the Walker circulation suggesting tel-
econnections with the Indian monsoon (Figs. 5b, 6b/i).
Other regimes are related to westward propagating anom-
alous convective cells along two distinct wave trains at 15◦N 
and 24◦N during the core (Jul–Sep) and late (Oct–Nov) 
WAM, respectively, resembling 3–5 and 6–9 days AEWs 
Fig. 15  Heterogeneous correla-
tions between regime 2 counts 
in ECMWF week-1 to week-4 
and onset dates computed over 
the 1996–2015 period at each 
grid point from TAMSAT 
merged rainfall estimates
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tracks which are similarly spaced (Diedhiou et al. 1999). 
Core WAM regimes (3, 5 and 7) are associated with alternat-
ing ridge/trough anomalies (Figs. 2 and 7c, e and g) in the 
wake of which anomalous subsiding/uplift develops, leading 
to dry/wet rainfall anomalies transiting westwards across the 
Sahel (Fig. 5c, e and g). One regime (3) is characterized by 
westerly anomalies over the tropical Atlantic and increased 
subsidence over the Sahel that resemble Walker circulation 
anomalies during El Niño translating into dry conditions 
over the Sahel (Janicot et al. 2001; Lebel et al. 2003). In 
the late WAM, one regime (regime 4) is related to a trough 
anomaly along the Atlantic coast off West Africa sustaining 
moisture advection (Fig. 7d), convection (Fig. 2d) and rain-
fall (Fig. 5d) over Senegal. For the other regime (regime 6), 
anomalous ridging inland leads to surface easterly anomalies 
opposing the monsoon flow towards Guinean regions, where 
subsiding anomalies (Fig. 7f) and drying prevail (Figs. 2f 
and 5f). Early and core WAM regimes resemble phases of 
the Sahel mode and those in the late WAM phases of the 
QBZD mode, both with the potential for subseasonal pre-
dictability including onset predictions (Janicot et al. 2011).
In the early WAM, dry regime 2 is most frequent during 
MJO phase 6, and both regimes 1 and 2 exhibit highest fre-
quencies when phase 3 leads by 10 days (Fig. 9a, b and h) 
and convection is enhanced over the Indian Ocean, agreeing 
with regime 2 teleconnections with the Indian monsoon sec-
tor (Figs. 6b, i, 7b). Core WAM regimes 3 and 5 frequencies 
are increased for MJO phases 1–2 at all leads (Fig. 9c, e), 
when convection is increased over West Africa (Wheeler and 
Hendon 2004). Late WAM regimes are more frequent for 
phases 4-7 at all leads (Fig. 9d, f and h), consistent with the 
equatorial wave mechanism linked to MJO-induced latent 
heating anomalies in the warm pool (Lavender and Mat-
thews 2009; Janicot et al. 2011) and skillful week 3-4 pre-
cipitation outlooks in phase 7 (Vigaud et al. 2017).
Most wet years coincide with minimum occurrences of 
regimes 2, 3 and 6, while regimes 2 and 6 are more frequent 
during dry years (Fig. 10b, c and f). Wet years correspond 
to increased frequencies of the core WAM wet regime 7 
(Fig. 10c, g) characterized by an upward trend towards 
more frequent occurrences after the 1990s, which is posi-
tively correlated to a global SST warming pattern (Fig. 11g) 
that agrees with the contribution from climate change to 
the observed wetting trend in seasonal amounts (Fig. 10h) 
over the Sahel (Giannini 2015). Potential, but limited North 
Atlantic controls are evidenced in the early WAM (Fig. 11a, 
b), and relationships to El Niño and the tropical Atlantic dur-
ing the core and late WAM (Fig. 11c, d). Teleconnections 
with Indian Ocean SSTs for the early WAM dry regime 2 
further emphasize relationships to the Indian monsoon sec-
tor. Overall, the interannual variability of WAM rainfall is 
well represented by NOAA and ECMWF week-1 regime 
frequencies (Fig. 12).
ECMWF skill in forecasting regime sequences decreases 
from week-1 to -4 leads (Fig. 13), with the notable excep-
tion of the regime associated with dry spells in the early 
season (Fig. 14) significantly related to a delay in WAM 
onset dates (Table 3 and Fig. 15). During early WAM dry 
spells, ridging anomalies over West Africa strengthen the 
subsiding branch of the Walker circulation there, the trades 
and AEJ (not shown) along Guinea Gulf regions, as sum-
marized in the schematic in Fig. 16. Stronger uplift over 
the East African Rift is fuelled by enhanced advection from 
the Congo basin, while the subsiding branch of the Walker 
Asia-Pacific cell is weakened over Asia, where reduced sur-
face divergence favors the southwesterly Indian monsoon 
flow associated with the Somali jet, consistently with pre-
vious studies (Vizy and Cook 2009; Janicot et al. 2011). 
Such teleconnections, together with relationships to MJO 
phase 3 more than 10 days in advance, appear as substan-
tial sources of predictability. This agrees with the potential 
for skillful WAM onset predictions recently evidenced from 
subseasonal forecasts (Bombardi et al. 2017; Vigaud et al. 
2017), here emphasized up to three weeks lead, which is 
well beyond the predictive capacity of Guinea Gulf rainfall 
(Fontaine and Louvet 2006). However, the potential for onset 
prediction using dry regime 2 as a proxy needs to be further 
tested with regionally defined onset dates (Marteau et al. 
Fig. 16  Schematic showing 
modulations of the Walker 
circulation for West African 
dry spells related to regime 2 
and their teleconnection to the 
Indian monsoon sector
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2008; Fitzpatrick et al. 2015, 2016). Contrasts in the relative 
frequencies of wet regimes 1 and 7 before and after mid-
June in both NOAA and ECMWF week-1 suggest that these 
could also help determining onset dates, but both aspects are 
beyond the scope of this study. Overall, such novel finding 
could ultimately benefit ongoing prediction efforts, includ-
ing their application to agricultural planning and food secu-
rity across the Sahel.
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